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1 Title of Invent ion 



PROCESS FOR FORMING THIN GATE OXIDE WITH ENHANCED RELIABILITY 
■T NXTR2DATION OF UPPER SURFACE OF GATE OXIDE TO 
FORM BARRIER OF NITROGEN ATOMS IN UPFOl SURFACE REGION 
OF GATE OEXIDe, AND RESULTING PRODUCT 

2 Claims 

L A process foe totivmx^ a bau'Kr of nitrogen atoms between a thin gwre oirate and a 
dun polysajcon gate electrode at an MOS device to inhibit pascag? of dopant from the 
thin potysiUcon ^te electrode? into the thin gate oxide which comprises: 

a) focrrang a thin gate oxide over a stlkxxi substrate: 

b) rutrirtaring the opper larrfarr of the thin gale oxide to form a barrier of 
nitrogen a tm a i in the upper surface ragjon of the e^aa ok kIf j 

c) forming a thin polysilicon gate thcuodc over said rutndoted gate oxides 

d) doping said perfysfljoori gate < h < ti od e and expoeed portiens of said sflkon 
substrate with dopant to Increase the condncoVttv of said poiysUicoa gate 
electrode and to farm soona/driin regions tasaalsunon substrate and 

e) aiweading the structure to activate said dopant In said source/ drain regions 
acid bo diffi no the dopant throughout said polysificon gale electrode; 

whereby said barrier of nitropm atom* formed by said mrririarinn of amid upper surface 
region of said gate osade will inhabit passage of said dopant through said barrier further 
mto said gate fyifff during said annealing. 

2. The process of daim. I wherein said dopant is boron, 

X The process of daim 1 wherein, said step of luaSdatmg the upper surface of the thin 
gate oxide further comprises ex p o si ng said upper surface of said thin gate caade to a 
nitrogen plasma. 

4. The process of data 3 wherein said nitrogen plasma b formed by flowing a gas 

containing nitrogen into a racmnn apparatus containing said silicon substrate, and then *u«w* 
ignrting said nitrogen pbsxna an said vacuum apparatus. 

5. The process of daim 4 wheram said ni uog e n plasma is maintained at a powgy level 
of from about 230 watts to about 1000 wstts. 

6. The process of cburn A wherein said nitrogen plasma comprises a remote pbszna. 

7. The piocesa of claim 4 wherein said rritridation pr o cess is carried out in said vacuum 
chamber while mainraiturig a pressure tl a a e in of from about 1 nuUitorr to about 1000 
millitorr. 

8. The p roc es s of daim 3 wh er e in said step of fioraung said thin gate oxide over a 
sikon substrate farther comprises the steps o£ » 

/ 
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i 

a) implanting with nitrogen atoms a region of said substrate where said thin 
gate oxide will be formed; and 

b) thereafter growing a layer of oxide on said substrate; 

whereby the portion of said layer of oxide grown over said region of said substrate 
implanted with nitrogen will be thinner than the remainder of said oxide layer. 

9. The process of claim 3 wherein said step of forming said thin gate oxide over a 
silicon iauhwtrate further comprises the steps ofc 

a) growing a layer of oxide on said substrate; and 

b) selectively etching a portion of said layer of oxide where said thin gate oxide 
will be formed, said selective etching carried out by exposing said portion of 
said layer of oxide to a nitrogen plasma while applying an electrical bias to sakl 
substrate; 

whereby the p ort ion of said layer of oxide grown over said region of said substrate 
subsequently etched with said nitrogen plasma while eiectzkally biasing said substrate 
will be thinner than the remainder of said oxide layer. 
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10. A process for forming a barrier of nitrogen atoms between a thin gate oxide and a 
thin polysilkon &ite electrode of a PMOS device to inhibit passage of boron dopant 
from the thin polysllioon gate electrode into the thin gate oxide which comprises: 

a) forming a thin gate oxide over a silicon substrate; 

b) nitridating the upper surface of the thin gate oxide to form a barrier of 
nitrogen atoms in the upper surface region of the gate oxide by exposing said 
upper surface of said thin gate oxide to a nitrogen plasma; 

c) forming a thin polysilkon gate electrode over said nitrtdabed gate oxide; 

d) doping said polysilicon gate electrode and exposed portions of said silicon 
substrate with boron dopant to increase the conductivity of said polysilkon gate 
electrode and to form source/ drain regions in said silicon substrate; and 

e) annealing the structure to activate said boron dopant in said source/ drain 
regions and to diffuse the boron dopant throughout said polysutcon gate 
electrode; 

whereby said barrier of nitrogen atoms formed by said nitridation of said upper surface 
region of said gate oxide will inhibit passage of said boron dopant through said barrier 
further into said gate oxide during said annealing. 

11. The process of claim 10 wherein said nitrogen plasma is formed by flowing a gas - 
contzuning nitrogen into a vacuum apparatus containing said silicon substrate, and then 
igniting said nitrogen plasma in said vacuum apparatus. 

12. The process of daim 11 wherein said nitrogen plasma is maintained at a power level 
of from about 250 watts to about 2000 watts. 

13. The process of daim 11 wherein said nitrogen plasma comprises a rem o t e plasma. 

14. The pioc e ss of churn 11 wherein said nitridation pr oc ess is caiii e d out in said 
vacuum chamber while maintaining a pressure therein of from about 1 millitorr to 

*" about 1000 millitorr. "** * — 

15. The pi o c e ss of daim 11 wherein said nitridation p roces s is carried out in said 
vacuum chamber while maintaining a pressure therein of from about 1 millitorr to 
about 500 xnfflitorr. 



16. The process of claim 10 wherein said step of forming said thin gate oxide over a 
silicon substrate further comprises the steps of: 

3 
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a) implanting with nitrogen atoms a region of said substrate where said thin 
gate oxide will be formed; and 

b) thereafter growing a layer of oxide on said substrate; 

whereby the p ortion of said layer of oxide grown over said region of said substrate 
implanted wfth nitrogen will be thinner than the remainder of said oxide layer. 

17. The process of claim 10 wherein said step of forming said thin gate oxide over a 
silicon substrate father comprises the steps of: 

a) growing a layer of oxide on said substrate; and 

b) selectively etching a p ortion of said layer of oxide where said thin gate oxide 
will be formed, said selective etching carried out by exposin g said portion of 
said layer of oxide to a nitrogen plasma while applying an electrical bias to said 
substrate; 

whereby the portion of said layer of oxide grown over said region of said substrate 
subsequently etched with said nitrogen plasma while electrically biasing said substrate 
will be thinner than the remainder of said oxide layer. 
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18. An MOS device of an integrated circuit structure Saving a barrier of nitrogen atoms 
in an upper surface region of a thin gate oxkie between said thin gate oxide and a thin 
polysilicon gate electrode of said MOS device to inhibit passage of dopant from «* id 
thin polysilicon gate electrode into said thin gate oxide, said barrier of nitrogen atoms 
formed by: 

a) forming a thin gate oxide over a silicon substrate; 

b) rutridating the upper surface region of the thin gate oxide to form a barrier of 
nitrogen atoms in the upper surface region of the gate oxide; 

c) fccming a thin polysilicon gate electrode over said nkridabed gate codde; 

d) doping said poiysUicon gate electrode and exposed portions of said silicon 
substrate with dopant to i no ease the conductivity of said poiysUicon gate 
electrode and to form source/ drain regions in said silicon substrate; and 

e) annealing the structure to activate said dopant in said source/drain regions 
and to diffuse the dopant throughout said polysilicon gate electrode; 

whereby said barrier of nitrogen atoms formed by said rutridation of said upper surface 
region of said gate oxide will inhibit passage of said dopant through said barrier farther 
into said gate oxide during said annealing. 

3 Detailed Description of Invention 

n Aden*™ TMn rn? tw rMVFMnrw 

1. HHri nf the fnvenrinn 

This invention relates to a process for forming thin gate codde of enhanced reflability for 
MOS devices of integrated circuit structures, and the resulting product. Mote 
particularly, this invention relates to a product and a process for forming the product by 
forming a dopant barrier of nitrogen atoms in the upper surface region of a thin gate 
oxide beneath a thin polysilicon gate electrode by rutridation of the upper surface of the 
thin gate oxide whereby minimization of gate depletion and enhanced device 
performance may be maintained by the provision of a thin polysilicon &ue electrode 
and a thin gate oxide while inhabiting perietraticn of gate electrode dopant into the gate 
oxide or the underlying channel region of the MOS device in the senucondactor 
substrate. 

As integrated circuit structures have continued to shrink in size of individual 
components, it has become necessary to accurately control the thickness of materials 
such as Silicon oxide and polysilicon formed on the integrated circuit structures. For 
example, formation of an MOS transistor may require the ft x illation of a high quality 
gate oxide of less than 4.0 nanometers (run) in thickness, and a thin polysilicon gate 
electrode thereon of less than 300 run. The use of such thin polysilicon gate electrodes 
provides a remedy for gale depletion, while enhanced performance of the resulting 
MOS devices results from the provision of both thin gate oxides and thin polysilicon 
gate electrodes. 
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However, since a polysilicon gate electrode requires doping to provide the desired 
electrical conductivity of the electrode, the problem of penetration of the polysilicon 
gate dopant into the underlying gate oxide and the channel region of the semiconductor 
substrate beneath the gate oxide U exacerbated when such thin gate oxides and thin 
polysilicon gate electrodes are utilized. 

Implantation of nitrogen into a silicon substrate to control the thickness of a silicon 
oxide layer subsequently grown Uteieuti has been previously demonstrated in the 
literature. As shown in prior art Figure 1, a silicon substrate 2 can be masked by a resst 
mask 4 to expose only that portion of substrate 2 where it is desired to subsequentiy 
grow a thin oxide. The masked structure b then subject to a blanket implantation of 
nitrogen resulting in nitrogen atoms implanted into the exposed silicon substrate 
surface, as shown at 5 in Figure 1. Removal of mask 4 uSereafter followed by growth of 
a silicon oxide layer 6 will result in a thin silicon oxide region 8 formed in the portion of 
silicon oxide layer 6 grown over nitrogen implanted region 5 of silicon substrate Z as 
shown in prior art Hgure 2. 

Thin oxide region 8 of oxide layer 6 is then utilized as the thin gate oxide of an MOS 
device by depositing a thin polysuicon layer over silicon oxide layer 6 and then ._ 
patterning both the polysuicon layer and the undedying oxide layer 6 to form a than 
polysilicon gate electrode 16 over thin gate oxide 9 formed from thin silicon oxide 
portion 8 of silicon oxide layer 6, as shown in Figure 3, Insulating sidewall spacers 20 
are then conventionally formed on the sidewalls of polysuicon gate electrode 16, 
followed by implantation with a dopant (such as boron when a PMOS device is to be 
constructed, or phosphorus or arsenic when an NMOS device is being cortstructed) to 
both dope gate electrode 16 and to form source/drain regions 22 and 24 in silicon 
substrate 2. 

When the structure is then annealed to activate the dopant the mobility of the dopant 
atoms (particularly boron atoms) and the thinness of both the thin poiysiBccn gate 
electrode and the thin gate oxide can result in migration of the dopant atoms such as 
boron atoms through the thin polysuicon gate into the underlying gate oxide, as weQ as 
through the thin gate oxide into the region of the suicon substrate beneath the gate 
oxide where the channel of the MOS device will be formed. 

While the previous nitrogen implantation of the suicon substrate (to control the 
thickness of the silicon oxide layer grown in the rutrogeivonplanted surface of the 

6 
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supplement the dopant barrier fonrwd by the nitrogen atoms present iri dic upper 
surface region of the gate oxide layer due to the nirxidarion step of the inventaon. 

tn Another embodiment a selective portion of a saacon oxide layer on a sulcon aub s tia te 
may be selectively etched 10 thin trie oxide to die desired thfc ar aja Cor a subaeqoendjr 
formed gabs oxide. Such etching of the sOicoa oxide may be carried out using a nitrogen 
plasma with a beat appGed to the siicon substrate, in which case nihrkfatton of (he 
surface of the etched nficon oxide may be carried out in the same apparafrsfc after the 
desired tfuckness of the sumjmi oxide layer is ecxacved* by lunofm^ the bias from the 
saJconsuhsrrarr 

nFTarf FnnOTfPTTnMntTHFTMTOnrw 

The inrention comprises a process tor inhibiting the rarrigr of dopant from a thm 
palysajcon gate ekrrrnde into a thin gate oxide beneath the gate ahxtiudu or through 
tha gate o*dd« into tha channel region of a silicon »ihsrrare beneath tha gate oxide. The 
process cuuiptkaa rutz-idaboci of the upper surface region of the gate oxide prior to 
ft * i i u * inn of the that polysiticon gate « Tu ti mfa over the oitridaasd surface of the gale 
oxide to thereby form a barrier of oitrogen atoms m the upper sun^ace region of the gate 
oxide adjacent the inzerface between the gate codde and the gate electrode to mhibit 
passage of dopant atoms from the pcfysuicon gate HrrrmnV into me gate oxide or the 
channel region of the silicon substrate beneath the gata oxide during anneaung of the 
structure. 

la one crnbodimeruV a thm gate oxide b first Conned over the silicon substrate by 
tmptandng nitrogen atoms Into the surface of the silicon substrate In the region where 
the sfflcon oxide wffl be farmed over. Subsequent growth of a sujcda oabde layer will 
result in the formation of thin, sflicoo. oxide in the fuhx^gerMrraptanfted surface r ayon of 
the sifioon wihtfrafr At bast soma of tha unpUntad cutzogen atoms in the suaoon 
substrate surface will then be mcorporated into tha thin gate oxide to thereby 
supplement the dopant barrier Formed by the ruerogen atom present in the upper 
surface region of the gate oxide layer due to the rutxidackm step. 

to aisgrher embodJira^ a select^ 

may be sriectrvdy etched to thin the oxide to the desired trackness for a suhsen me i ttl y 
formed gate oxide. Such etching of the silicon oxxda may be canted out using a i ilium a 
plasma with a bias applied to tha sOkon substrate, in which case mtridauon of the 
surface of the etched sificon oxide may be carried out in the same apparatus, after the 
desired tfuchness of the stBcon oxide layer b ach i eved, by rernorog the bias fan the 
silicon substrate. 

By use of the term "thtn gate oxide" is tneaxx a silicon oxide gate oxide having a 
tfuckness of less than 10 run. By use of the term 'thin gate electrode* is meant a 
porysiHctxi gate electrode having a nScknass or lass than 300 nm. 

8 
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AN INTEGRATED CIRCUIT STRUCTURE ON A SEMICONDUCTOR SUBSTRATE 
USING NITROGEN PLASMA AND AN RF BIAS APPLIED TO THE SUBSTRATE", 
assigned to the Assignee of thb invention, and the subject matter of which a hereby 
incorporated herein. 

b, Nirrirfarino 

After formation of the thin silicon oxide layer portion on the silicon substrate where the 
MOS device will be subsequently constructed, the thin oxide is rutrtdated, in accordance 
with the invention as shown in Figure 4, by exposing the silicon oxide to a 

nitrogen plasma, preferably a remote plasma, in a vacuum chamber while maintaining a 
zero bias on the silicon substrate (to avoid etching of the thin silicon oxide) to th er eby 
provide a dopant barrier of nitrogen atoms in the upper surface region of thin portion 
108 of codde layer 106 adjacent surface 112 which will become the interface b et w een the 
gate oxide and the polysuicon gate electrode to be constructed thereon. 

The nitri elation is carried out for a time period ranging from a minimum of about 2 
seconds up to a pedod of about 10 minutes. Preferably the rurxidation time wul range 
from about 5 seconds to about 1 minute, with 10 seconds being a typical time period for 
the nrtridarion, 

The rurxidation pr o cess is carried out while nvuntaiiiing a pressure within the v acuum 
chamber sufficient to permit maintenance of a plasma in the vacuum chamber, yet low 
enough to avoid damage to the system and to maintain the pressure within the 
capabilities of me s y s t e m. Preferably, the pressure will be maintained within a range of 
from about 1 nuDitorr to about 1000 rnfllitorr, and most preferably from about 1 
rruUitarT to about 500 nuHitorr, with pressures ranging from about 1 mflfitccr to about 
100 miTlitonr being typical Maintaining the pressure in the vacuum chamber within 
these ranges will usually satisfy the above cr iteri a. The flow of the gaseous source of 
nitrogen into the chamber wul be related to the desired pressure maintained within the 
chamber and tte pumpmg speed of tte 

The nitrogen plasma in the vacuum chamber is established by flowing a gaseous source 
of nitrogen, such as N2, or another nrtrogert-ccoTtairdng gas such as NaO or NO, into the 
etch apparatus and igniting the plasma, using an rf plasma power source maintained 
within a power range of from a xrdrumum power capable of rnaottaining the plasma in 
the vacuum chamber up to a maximum power level which will not damage either the 
equipment or the substrate. Maintaining the plasma power source within a power 

( o 
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range of from about 250 watts to about 2000 watts will satisfy thee criteria. 



The temperature at which the nitridabon is carried out b not considered to be crucial 
except that maximum temperatures should be below te mp eratures which might 
damage the vacuum apparatus or other portions of the integrated circuit structure on 
the semiconductor substrate. Temperatures below about 250*C should be sufficient 
from a standpoint of equipment damage. However,, lower maximum temperatures, 
such as 60 C or less, may be preferable from a standpoint of damage to the integiaigd 
circuit structure, such as resist masks present on the structure during the rntrid a tion. 
Thermal budget requirements may also favor the use of lower rriaxirnum temperatures 
during the rutridatiorL In any event, for preserving the reproducible crtararterstks of 
the rutridation, it is preferable that a single operating temperature witfun the above 
considerations be selected for conduct of the nitrkiatxon p r»-^v 

By use of the term "remote plasma* is meant a plasma which is generated at a distance 
from the substrate target sufficiently far enough from the plasma origin that 
recombination of at least some of the electrons with the ionic nitrog e n species occurs so 
that the flux of ionic species will be reduced from the initial flux created at the plasma's 
origin. Plasma apparatus having such remote plasma generation capabilities are 
axxuTtertiafly available* such as, for example, a LAM 9400SE Transformer Coupled 
Plasma (TCP) reactor or an Applied Materials DPS reactor. 

C. Pnrmah'nn nf TKi'ti FWtrnA> 

After formation of the thin silicon oxide which wul serve as the £*te oxide of the MDS 
device to b constructed, and the rdtridation of the surface of this thin sflican oxide* the 
thin por/silicon gate electrode 116 shown in Figure 5 is formed by first depositing a 
blanket layer of porysuicon over the nitridated oxide layer 106 of Figure 4. This 
d eposited poIysiKcan layer may either be initially deposited to the desired ftkkness, or 
deposited as a thicker layer with portions of the rxxysiBcon then removed such as by 
wet or dry etching or by chemk^/meciwmical rx^ishlng (CMP) to achieve the desired 
thickness of less than about 300 run. The rxxysilicon layer is then masked and 
selectively etched, together with the underlying nitridated silicon oxide layer 106, to 
form the desired thin pofysilicon gate electrode 116 over the thin silicon oxide gate 
oxide 109 formed from the thinned portion 108 of oxide layer 106. Oxide spacers 20 are 
then formed on the sidewalk of the polyalicon gate electrode by blanket deposit of an 
oxide layer followed by anisotropic etching of the Uaiutet-deposited oxide layer, as is 
well known to those skilled in the art 

f f 
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Type Length 


Control Nltridation with Nitridation with 
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Perform 


Short 


-27Z4 -335.7 




.344.0 


High 


Long 


-23StS -3175 




-346.7 


Low 
Leakage 


Short 


-396.1 -449.2 




-459-2 


Low 
Leakage 


Long 


-3433 -416.7 




-444.9 



The results show that the threshold voltage of each type of device, and at several 
annealing temperatures, fa improved by the formation of the barrier of nitrogen atoms 
in the upper surface region of the thin gate oxide in accordance with the invention. 

Thus, the invention provides a product and process for forming a barrier of nitrogen 
atoms in the upper surface region of a thin gate oxide of an MOS device, and 
particularly an PMOS device by rrirridatton of the upper surface of the gate oxide. The 
barrier of nitrogen atoms formed in the upper surface region of the thin gate oxide 
inhibits the passage of dopant from a thin gate electrode into the thin gate oxide, as well 
as preventing the passage of dopant into the channel region of the substrate below the 
gate oxide, thus increasing the threshold voltage of MOS devices coretructed with such 
a barrier of n itr o gen atoms. 
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4 Brief Description of Drawings 

RffTFF npyi? rPTTo^f of -n-re r>p ^ 

Figure 1 is a fragmentary vertical cross-sectional view of a prior art silicon substrate 
showing selective implantation of nitrogen into an unmasked portion of the silicon 
substrate. 

Figure 2 is a fragmentary vertical cross-sectional view of the nm^geMmplanted prior 
art structure of Figure X after removal of the mask and growth of a silkon oxide layer on 
the sujeon substrate, with a thin silicon codde portion of the oxide layer formed over the 
nitrogen-implanted portion of the substrate. 

Figure 3 is a fragmentary vertical cross-sectiortal view of the priori 
2 after formation of a polysilicon ga be electrode over a thin gate oxide formed from the 
thin portion of the previously formed oxide layer, showing blanket implantation of the 
structure with boron dopant. 

Figure 4 is a fragmentary vertical aross-sectxonal view of a selectively nitrogen- 
implanted silicon substrate having a silicon oxide layer with a thin region formed 
thereon, as in Figure Z but with the surface of the oxide layer subjected to a nitridation 
in accordance with the invention. 

Figure 5 is a fragmentary vertical cross-sectional view of the structure of Figure 4 after 
formation of a polysuicon gate electrode over a thin gate oxide formed from the thin 
portion of the previously formed oxide layer, stowing blanket implantation of the 
structure with boron dopant and showing die dopant barrier formed at the junction 
between the polysilicon gate electrode and the gate oxide in accordance with the 
invention. 



Figure 6 is a flow sheet iUustiaring the process of the invention. 
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